Abstract-We designed a large-volume rosette sampler for collecting seawater with minimal trace metal contamination. The system uses eight modified 30-liter Go-Flo bottles secured to a Nylon II-coated stainless steel frame. The instrument is deployed with a dedicated winch with polyurethane-coated, three-conductor Kevlar hydroline. A prototype was used as part of the U.S. JGOFS Equatorial Pacific sampling program during spring and fall 1992. A redesigned model was used during the 1993 IronEx experiments and is currently being deployed in the Arabian Sea. The results of trace metal analyses collected on these cruises indicate that samples recovered are comparable to current single Go-Flo casts.
The need to collect seawater uncontaminated with trace metals for geochemical as well as biological studies has become increasingly apparent over the last several decades. Early trace metal research was hampered by the inability to collect, store, and analyze water samples without severe contamination and, therefore, much of the pre-1975 literature is erroneous (Bruland 1983) . The revolution in marine trace metal research has come from two fundamental advances. First, techniques were developed which led to the elimination and control of contamination during sampling, storage, and analysis (Patterson and Settle 1976; Martin et al. 1976 ). Second, advances were made in analytical chemistry, primarily, the Preconcentration techniques necessary for the measurement of low ambient metal levels (Bruland et al. 1979) .
Using these techniques, it became evident that phytoplankton physiological processes can be influenced by low levels of trace metals. Fitzwater et al. (1982) found that copper and zinc contamination depressed phytoplankton radioactive carbon uptake. This finding and the work of others (Marra and Heinemann 1984, 1987; Chavez and Barber 1987) led Williams and Robertson (1989, p. 1304) to state.
Our general findings are in line with the conclusions of Marra and Heinemann (1984, 1987) that given normal good practice (e.g. clean glassware) the problem of contamination in oligotrophic waters lies more with sampling than the incubation step. Our results suggest that unless clean sampling techniques are adopted, low photosynthetic rates and photosynthetic indices must be treated with caution if not suspicion. . . .
An example of such trace metal contamination was found during the 1989 JGOFS North Atlantic Bloom Experiment (NABE) where initial water collected from the sampling bottles of several laboratories measuring primary productivity was analyzed for trace metals. The results showed iron concentrations 2-20 times higher than ambient levels and zinc from 2-40 times natural levels (Fig. 1) . Zinc contamination at the latter level has been found to reduce primary productivity measurements by as much as 25% (Martin et al. 1993) . Direct influence of trace metal contamination toxicity on primary production rates are difficult to correlate in the NABE study due to diverse systematic and experimental procedures. Integrated values reported by Joint et al. (1993) show a 2-fold difference in incubated productivities between the participating groups.
Conversely, the addition or contamination by trace nutrients, such as Fe, can lead to increases in phytoplankton growth above natural levels. Martin and others have found that minute additions of dissolved Fe to long-term bottle experiments substantially increased phytoplankton biomass, nitrogen uptake, and carbon fixation (Martin and Fitzwater 1988; Price et al. 199 1; Takeda and Obata 1995) . Fitzwater et al. (1996) have recently concluded that as little as 0.12 nM Fe contamination above baseline levels in bottle enrichment experiments can cause a doubling in growth rates, skewing interpretation and invalidating many long-term bottle incubation experiments. However, the effect of iron contamination may have little or no effect on rate measurements that are incubated for less than a day (Coale 199 1).
. Specially designed systems have been developed to eliminate contamination during sampling. These systems include the use of nonmetallic hydroline, positive-pressure filtered-air trace metal clean vans, and noncontaminating water collection bottles such as Go-Flos (General Oceanics). Go-Flos are designed to enter the air-sea interface closed, open at -10 m by a pressure-release mechanism, then close when tripped by a hydroline messenger.
These bottles must first undergo rigorous cleaning to obtain contamination-free samples (Fitzwater et al. 1982) . Even when properly cleaned and maintained, contamination of samples can still occur. The Go-Flo bottles, as designed, use several stainless steel bolts to attach lifting handles and the hydroline mounting hardware which protrude into the collection chamber. The bolts are covered with an epoxy paste to eliminate sample contact with the metal hardware. Although Teflon spray-coated, this epoxy is subject to cracking, thereby possibly exposing the sample to the metal bolts. Martin et al. (1990) , working in Antarctic waters, found that a leaking seal on the pressure-release opening mechanism on one of the bottles resulted in contamination of samples with elevated levels of Fe, Mn, and Co at ratios found in stainless steel.
Implicit in the important role that trace metals play in many biogeochemical processes is the need to supply investigators with large volumes of uncontaminated seawater. Martin et al. 1993.) clean sampling methodology. Single or multiple Go-Flo bottle casts are used in a time-consuming and labor-intensive process to sample the water column in detail. Multibottle samplers (rosettes) designed for large-volume collection and greater depth resolution were never designed for the collection of trace metal clean seawater. Niskin samplers (GO), typically used on these rosettes, use internal closure bands of black latex that have been found to be toxic to marine algae and bacteria (Price et al. 1986 ). The replacement of the latex bands with silicone tubing or Teflon-coated stainless steel springs has reduced contamination potential but are not suitable for most trace metal sampling at oceanic concentrations.
As a conventional rosette enters the water and is lowered to the sampling depth, the column it passes through becomes contaminated with trace metals. The conducting metal hydrowire, protective aluminum or stainless steel cage, attaching hardware, and any additional added weight (often lead used to sink the system) can contribute to elevate metal concentrations in the water sampled during the standard up-cast collection. Furthermore, deployment with metal hydrowire has the effect of contaminating the surface water (where many dissolved metals are at extremely low concentrations, Bruland 1983) more than the deeper waters because of the resident time of the hydrowire.
The above difficulties and the necessity for adequate volume led to the design and construction of a prototype trace metal (TM) clean rosette for use during the spring and fall 1992 JGOFS EqPac research effort. Go-Flos bottles (30 liter) were selected because of their proven reliability for collection of water uncontaminated by trace metals and the volume obtained. Using this prototype, Sanderson et al. (1995) concluded that there was no inhibition of primary productivity and that trace metal contamination by this rosette was, with some exceptions, not significant when compared to conventional trace metal Go-Flo casts.
Both mechanical and electronic difficulties with the prototype system led to extensive rosette modifications before the 1993 IronEx experiment and Galapagos plume study. Here we present a description of the Moss Landing Marine Laboratories trace metal clean (MLML TM) rosette sampler with retained original design components and current modifications.
The TM rosette system was designed to incorporate the use of a new "intelligent" 12-position pylon (trigger) built by General Oceanics (GO model 10 16-12). The system is controlled by computer through an RS-232 port and communicates between the deck electronics and submersible unit by a full duplex 300-baud modem. The unit is equipped with a GO model 1016 DS (345 decibars) depth sensor that provides real time readouts when deployed. The pylon, upon command, rotates a levered arm which depresses a plunger and releases a holding pin. Unlike its predecessors, this new pylon has the ability to release lanyards nonsequentially.
This capability makes it possible to use different release positions to accomplish different tasks. For example, Go-Flos with the model 10 16 pylon can be opened below the surface using certain release positions and closed at the desired depth using other positions.
The protective cage and frame is constructed of 2.5-cm round rod and 2.5-cm flat plate, grade 3 16 stainless steel. PVC flat plate was machined for top and bottom bottle-mounting brackets and bolted to the frame. The solid frame adds weight to assist in sinking eight closed, air-filled Go-Flos and provides protection for the sample bottles during launch and recovery (Figs. 2 and 3 ). All exposed stainless steel was coated with 0.5 mm of Nylon II. The coating is applied as a powder and heated to melting temperature (3 10°C), thus sealing the steel completely from exposure to seawater. This coating is durable and withstands shipboard use well. A urethane powder coating, applied in a similar manner, was rejected because it was susceptible to damage under normal use.
The rosette is attached to the hydrocable by a stainless steel electro-mechanical swivel (Mesecar and Stein 1976 the remaining eight positions (Fig. 4 ). An additional 160 kg of vinyl-coated lead was attached to the frame to obtain the required weight to sink the package (cf. Fig. 2 ). The potential for contamination was reduced and the operation simplified by several modifications to the GoFlo bottles during manufacturing. The standard anodized aluminum hydrowire mounting brackets, lifting handles, and pressure releases were eliminated. These deletions permitted the inside of the bottles to be completely free of metal and epoxy. A Teflon spray coating was applied by the manufacturer (GO) to all sample contact areas. One of the standard push-pull petcocks was replaced with a 1.25-cm Teflon plug valve (Norton Performance) for trace metal clean sampling.
A Sea Mac winch (model 3525 EH) was fitted with 500 m of polyurethane-coated, 1.25-cm-diameter Kevlar cable with three 18-gauge conductors (Consolidated Products Corp.). Termination of the cable was by a mechanical grip specially designed for coated Kevlar cables (Esmet, Inc.) . This configuration eliminated the cable electrical shorts experienced on the EqPac prototype. A l-m-wide throat block with a Nylatron sheave (GO) was used to avoid embedding the cable with metal particles. The block was fitted with a meters out-in sensor and electronic readout system (Univ. Washington, Oceanogr. Eng. Serv.) as a backup to the pressure sensor on the submersible unit.
This modified MLML TM rosette system was used extensively on the recent IronEx cruise and Galapagos plume study (Martin et al. 1994 ) and proved highly reliable. More than 50 casts were performed during these cruises and water was collected at the required depth with 99% efficiency. Seawater from the TM rosette system was used to measure several water-column parameters including primary productivity, productivity vs. irradiance, particulate organic carbon and nitrogen, dissolved organic carbon, chlorophyll a, HPLC pigments, plankton size fractionation, plankton identification, and nutrients. Sufficient volume was available to satisfy the individual investigators. The TM rosette can be adapted to collect ancillary hydrographic data (CTD) to support the biological sampling regime if care is taken to minimize contamination potential. Contamination during sampling was decreased by setting the rosette on a polypropylene landing pad (cf. Fig. 3 ), drawing samples while wearing plastic gloves, and covering the Go-Flo bottles-rosette between deployments.
Four comparison profiles were analyzed for oxygen from the western boundary of the Galapagos plume study Fig. 3 . Photograph of the TM rosette ready for deployment. Note Teflon plug valve for clean sampling and polypropylene landing pad to avoid embedding the frame with deck contamination. (Martin et al. 1994; Miller et al. 1994 ) using the TM rosette and a standard IO-liter Niskin rosette (Fig. 5) . These profiles agree well with standard rosettes and techniques for oxygen analysis.
A comparison of the TM rosette and standard trace metal Go-Flo techniques (Martin and Gordon 1988) was made at the end of the IronEx-Galapagos plume study. Water was sampled at a depth of -60 m east of the Galapagos archipelago (0"I 5'N, 89"23'W) with all eight TM rosette bottles and one ultra-clean Go-no bottle cast. Unfiltered samples were drawn into acid-cleaned polyethylene bottles, acidified to a pH 12, and returned to MLML for analysis. The results of the comparison are shown in Table 1 . Copper, iron, nickel, and cobalt concentrations agree well between the two systems. Cadmium and lead levels agreed closely, but the Cd and Pb values indicate that the single Go-Flo may have collected deeper water than the eight TM rosette bottles (i.e. Cd rapidly increases with depth, Martin et al. 1980 , and Pb decreases with depth, Schaule and Patterson 198 1). Zinc (2, 3, 5, 6, 8, 9, 1 I, 12 ) release lanyards at the desired depths for sample collection.
from the TM rosette bottles was two times higher than reported from the Go-Flo cast, indicating a contamination of 0.23 nmol Zn kg-I. This contamination is well below the level where Zn has an inhibitory effect on primary production in short-term incubations (Martin et al. 1993; Sanderson et al. 1995) .
The average TM rosette values and associated standard deviation represent spatial, sampling depth, and paniculate variability in the water column due to roll and drift of the slip over the 20-min sampling period. Also contributing to the variability are subsampling, sample preparation, analysis, and individual bottle contamination. The apparent increase in iron concentration between rosette bottles 1 and 8 (a variation of 22%) is likely an artifact of both sequential sampling and particle settling. About 1 h elapsed between sample draws, which may have allowed greater amounts of particles to be collected from bottle 8. The particulate fraction of Fe contributes from 90 to 60% of the total concentration in the sur- Fig. 5. Oxygen comparison profiles between a standard rosette and the TM rosette collected during the 1993 Galapagos plume study (Martin et al. 1994) . Panel c indicates a systematic difference between the two samplers above 40 m. The surface shift in the two profiles is consistent with internal wave fluctuations, (W. Broenkow pers. comm.) and time differences (2 h) between casts. Station numbers from Miller et al. 1994 .
rounding waters at depths of 40 and 60 m respectively (R. M. Gordon in prep.).
The results of the above intercomparison indicate that samples collected from the MLML TM rosette are comparable to current collection techniques for most metals. Further cleaning of the rosette bottles both in the laboratory and on shipboard deployments may eliminate most if not all of the residual trace metal contaminants.
The development of this new water collection system enables investigators to obtain trace metal clean samples for a variety of rate studies and measurements with greater water-column resolution. The large volume of the discrete samples offers the opportunity for multidisciplinary projects to acquire the necessary sample water to carry out concurrent measurements and experiments. This TM rosette sampler does not, however, preclude the need to practice clean shipboard techniques, to maintain the bottles properly by protection from shipboard contaminants, and to control and test adequately for contamination.
